Western Kentucky University

TopSCHOLAR®
Masters Theses & Specialist Projects

Graduate School

12-2013

Solar Energy Conversion and Control Using
Organic Photovoltaic Cells
Kurt Wade Woods
Western Kentucky University, kurt.woods774@topper.wku.edu

Follow this and additional works at: http://digitalcommons.wku.edu/theses
Part of the Environmental Chemistry Commons, Physical Chemistry Commons, Physical
Processes Commons, and the Quantum Physics Commons
Recommended Citation
Woods, Kurt Wade, "Solar Energy Conversion and Control Using Organic Photovoltaic Cells" (2013). Masters Theses & Specialist
Projects. Paper 1315.
http://digitalcommons.wku.edu/theses/1315

This Thesis is brought to you for free and open access by TopSCHOLAR®. It has been accepted for inclusion in Masters Theses & Specialist Projects by
an authorized administrator of TopSCHOLAR®. For more information, please contact topscholar@wku.edu.

SOLAR ENERGY CONVERSION AND CONTROL USING ORGANIC
PHOTOVOLTAIC CELLS

A Thesis
Presented to
The Faculty of the Department of Physics and Astronomy
Western Kentucky University
Bowling Green, Kentucky

In Partial Fulfillment
Of the Requirements for the Degree
Master Science

By
Kurt Wade Woods
December 2013

ACKNOWLEDGEMENTS
Many people have graciously contributed to the successful completion of
this thesis. I would like to thank my advisor Dr. Farhad Ashrafzadeh for his
expertise, words of wisdom, and guidance. I appreciate the effort that he put forth
in my both professional development and technical understanding. I would also
like to thank Dr. Hemali Rathnayake for the use of her outstanding chemical
expertise and her advanced technology. I am grateful to my defense committee
for continuous guidance and especially to Dr. Julie R. Ellis for reviewing my
thesis and her great suggested modifications and comments. Also, many thanks
to my mother who raised me to be the man I am today, my wife who provided me
with emotional and editorial support, and to God who makes all things possible.

This material is based upon work supported by the U.S. Department of
Homeland Security under grant award number 2010-st-104-000034.

Disclaimer
The views and conclusions contained in this document are those of the authors
and should not be interpreted as necessarily representing the official policies,
either expressed or implied, of the U.S. Department of Homeland Security.

iii

TABLE OF CONTENTS
Chapter 1: Introduction ................................................................................................ 1
1.1 Literature Review.................................................................................................. 1
1.2 Motivation for Thesis ............................................................................................ 2
1.3 Problem Statement ................................................................................................ 3
1.4 Proposed Solution ................................................................................................. 3
1.5 Thesis Contribution............................................................................................... 4
1.6 Thesis Content ...................................................................................................... 5
Chapter 2: Photovoltaic Technology Preliminaries: From Photons to Electrons 6
2.1 Solar Understanding.............................................................................................. 6
2.2 Photovoltaic Characteristics.................................................................................. 9
2.3 Photovoltaic Cell Testing Conditions ................................................................. 10
2.4 Current and Emerging Photovoltaic Technologies ............................................. 12
Chapter 3: Organic Photovoltaic Technology ........................................................ 18
3.1 Typical OPV Architecture .................................................................................. 18
3.2 Currently Researched OPV Technology............................................................. 20
3.3 WKU OPV Cell .................................................................................................. 21
3.4 Solar Cell Model ................................................................................................. 24
3.5 Series Array Model ............................................................................................. 34
3.6 Parallel Array Model........................................................................................... 41
Chapter 4: Power Convertor Topologies and Control .......................................... 47
4.1 Power Converter Topologies .............................................................................. 48
4.2 Control ................................................................................................................ 50
4.3 Modeling and Simulation Results ....................................................................... 52
4.4 Advanced Converter Topologies ........................................................................ 65
Chapter 5: Electrical Storage Device Selection, Modeling, and Simulation ..... 68
5.1 Choice of Electrical Load ................................................................................... 68
5.2 Lithium Ion Charging Techniques ...................................................................... 69
5.3 Modeling ............................................................................................................. 71
5.4 Simulation and Results ....................................................................................... 73
Chapter 6: Modeling and Simulation of the Overall System................................ 78
6.1 Model Integration................................................................................................ 78
6.2 Discussion of Simulation Results ....................................................................... 80
6.3 Model Limitations ............................................................................................... 83
Chapter 7: Conclusions ............................................................................................. 85
APPENDIX ................................................................................................................... 88
BIBLIOGRAPHY ....................................................................................................... 101
VITA............................................................................................................................ 105

iv

LIST OF FIGURES
Figure 1: Radiation components. ................................................................................... 7
Figure 2: AM 0 and AM 1.5G spectrums. ..................................................................... 8
Figure 3: Fill-factor diagram. [4] .................................................................................. 10
Figure 4: Typical OPV cell architectures. ................................................................... 18
Figure 5: Basic structure of Rathnayake group et al. OPV cell. ............................. 22
Figure 6: I-V curve of P3HT-PDIB-NPs at 25 °C and 100 °C. ................................ 23
Figure 7: Ideal solar cell model. ................................................................................... 24
Figure 8: Single-diode solar cell model [24]............................................................... 25
Figure 9: Solar cell IV curve at nominal conditions................................................... 28
Figure 10: Varying series resistance for single cell solar model. ........................... 28
Figure 11: Varying shunt resistance for single cell solar model. ............................ 29
Figure 12: Varying diode ideality factor for single cell solar model. ....................... 30
Figure 13: Varying irradiation for single cell solar model. ........................................ 31
Figure 14: Varying temperature for single cell solar model. .................................... 31
Figure 15: Tsai group et al. varying irradiation. ......................................................... 33
Figure 16: Tsai group et al. varying temperature. ..................................................... 33
Figure 17: OPV cell experimental vs. simulation data. ............................................ 34
Figure 18: Two-cell series array. ................................................................................. 35
Figure 19: Simplified two-cell series array. ................................................................ 36
Figure 20: Single cell vs. two-cell series array under nominal conditions............. 37
Figure 21: Two-cell series array with non-identical diode ideality factors. ............ 38
Figure 22: Two-cell series array with non-identical series resistances. ................ 39
v

Figure 23: Two-cell series array with non-identical shunt resistances. ................. 39
Figure 24: Two-cell series array with non-identical temperatures. ......................... 40
Figure 25: Two-cell series array with non-identical irradiations .............................. 41
Figure 26: Two-cell parallel array. ............................................................................... 41
Figure 27: Single cell vs. two-Cell parallel array under nominal conditions. ........ 43
Figure 28: Two-cell parallel array with non-identical diode ideality factors........... 43
Figure 29: Two-cell parallel array with non-identical series resistances. .............. 44
Figure 30: Two-cell parallel array with non-identical shunt resistances. ............... 44
Figure 31: Two-cell parallel array with non-identical temperatures. ...................... 45
Figure 32: Two-cell parallel array with non-identical irradiations. .......................... 46
Figure 33: Buck converter topology. ........................................................................... 49
Figure 34: Boost converter topology. .......................................................................... 49
Figure 35: Buck-boost converter topology. ................................................................ 50
Figure 36: Example closed-loop system. [26] .......................................................... 51
Figure 37: Pulse width modulation Simulink model. ................................................. 53
Figure 38: PWM output of various duty cycles. ......................................................... 53
Figure 39: Comparison of sawtooth curve and d = 0.75 output.............................. 54
Figure 40: Open-looped buck converter inductor current. ....................................... 56
Figure 41: Open-looped buck converter output voltage........................................... 56
Figure 42: Open-looped boost converter inductor current....................................... 58
Figure 43: Open-looped boost converter output voltage. ........................................ 59
Figure 44: Open-looped buck-boost converter inductor current. ............................ 61
Figure 45: Open-looped buck-boost converter output voltage. .............................. 62
vi

Figure 46: Voltage controlled buck converter inductor current. .............................. 63
Figure 47: Voltage controlled buck converter output voltage. ................................. 64
Figure 48: Voltage controlled buck converter duty cycle. ........................................ 64
Figure 49: Current controlled buck converter output current. ................................. 65
Figure 50: Switch matrix converter. ............................................................................. 67
Figure 51: Charging profile of lithium-ion battery [31]. ............................................ 71
Figure 52: Lithium-ion battery electrical equivalent circuit....................................... 72
Figure 53: Chen et al experimental data of a 850 mAh battery charged with 80
mA current at 25°C [44]......................................................................................... 74
Figure 54: Battery voltage output of 850 mAh battery charged with a 80 mA
current. ..................................................................................................................... 75
Figure 55: SOC of 850 mAh battery charged with 80 mA current. ......................... 76
Figure 56: Battery impedance of 850 mAh battery during charging process. ...... 76
Figure 57: Discharging profile of lithium-ion battery. ................................................ 77
Figure 58: Buck converter voltage output. ................................................................. 81
Figure 59: Buck converter duty cycle. ......................................................................... 81
Figure 60: Battery voltage............................................................................................. 82
Figure 61: Load impedance change over time. ......................................................... 83
Figure 62: Change in the SOC..................................................................................... 83

vii

LIST OF TABLES
Table 1: Performance capabilities of top commercial PV technologies. ............... 17

viii

SOLAR ENERGY CONVERSION AND CONTROL USING ORGANIC
PHOTOVOLTAIC CELLS
Kurt Woods

December 2013

105 pages

Directed by: Dr. Farhad Ashrafzadeh, Dr. Hemali Rathnayake, Dr. Keith Andrew,
and Dr. Vladimir Dobrokhotov
Department of Physics and Astronomy

Western Kentucky University

Organic photovoltaic (OPV) cells are advanced, newly emerging
technologies that are lightweight, mechanically flexible devices with highthroughput processes from low cost material in a variety of colors. Rathnayake et
al. of Western Kentucky University have developed a nanostructure-based OPV
cell. Presented in this thesis is a model and simulation of a generalized PV
powered system that can predict the performance of solar arrays in various
environmental conditions. The simulation has been carried out in Matlab/Simulink,
and upon entering the cell’s parameters, it provides key electrical characteristics
such as the cell’s I-V curve and efficiency information. The total system that is
simulated consists of three elements: a universal two-cell solar array that can
account for partial shading and manufacturing variation, a current-controlled
power converter, and an energy storage device with charging and discharging
capabilities.
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Chapter 1: Introduction
1.1 Literature Review
A great deal of research and effort has been placed in solar energy
harvesting using photovoltaic (PV) devices and systems. This has been mainly
due to increasing demand for energy, price instability of fossil fuels, global
warming, and environmental concern. Furthermore, among various sources of
renewable energies, solar cells have a set of unique features of quiet operation,
high power density per unit of weight, and mobility. Photovoltaic arrays also have
short lead times to design, install, and startup, as well as long expected life with
low maintenance. Another key feature of PV cells is their inherent modularity,
which decouples the plant economy from its size, facilitating their applications
over a wide range of power levels.
Most solar energy production and control research has been focused on
silicon-based PV technology, and, coupled with reduced material costs [1], has
allowed this technology to retain approximately 89% of the PV market share [2].
Also, there has been substantial investment in several thin-film PV technologies,
with capital investments reaching nearly $300 million in Q4 2011 to Q1 2012
combined [3]. However, there has been less research in organic photovoltaic
(OPV) technology. Much OPV research has been dedicated to material synthesis
[4] [5] morphology control [6] [7], and low-level cell modeling [8]. There has been
less research on predicting the electrical performance of OPV technology, at the
system level in various operating points and environmental conditions. This
research fills this gap.
1

1.2 Motivation for Thesis
Rathnayake et al. of Western Kentucky University (WKU) have developed
a novel thin-film OPV technology, which has the potential for superior electrical
performance because of the siloxane nanostructure mesh across its active layer.
Since the developed OPV technology will be used in various low power
applications such as small battery trickle chargers, there is a need to predict the
electrical performance of an OPV array when it is performing within an overall
system composed of a cell array, a power converter, a control system and
energy storage devices in various environmental conditions.
Performance prediction requires a three-stage approach. First, the
electrical properties of the OPV cell must be characterized. Second, the
governing equations of the OPV cells must be derived from which the electrical
equivalent model can be constructed. Last, the electrical performance of the OPV
system must be predicted using simulation. The simulation results can be verified
by comparing to experimental data or data from trusted literatures.
To develop a robust energy source, the OPV technology must be
simulated in parallel and series array configurations. The overall PV system
consists of an OPV array, a DC-DC power converter along with its control
circuitry and algorithms, and an electrical load or storage element. The equations
that govern the electrical properties of the components should be derived and
simulated in the same simulation software as the OPV array.

2

1.3 Problem Statement
The intent of this research is to predict and evaluate the performance of
OPV cells within the overall energy harvesting and conversion system in both
nominal and various environmental conditions such as temperature fluctuations
and manufacturing variations. The foregoing overall energy system constitutes
OPV cells, power converters, control strategies, and energy storage devices.
Without modeling and simulation capability the OPV cell, their electrical
characteristics, prototyping, and performance evaluation process become much
more time consuming. With the outcome of this thesis and further development
of the overall model, the WKU team working on OPV is expected to predict the
electrical characteristics of the new OPV cells and assess their electrical
performance in the overall system from source to the sink (electrical load).
1.4 Proposed Solution
To solve this problem, the three system’s building blocks were modeled
and simulated in a Matlab/Simulink environment. The single diode solar cell
model was chosen to simulate the OPV cell’s electrical output. With this model,
series and parallel resistors are used to represent different voltage drop and
current loss mechanisms. A buck converter with a proportional-integral controller
was chosen to interface the source with the load. Lastly, a lithium-ion battery
model was considered for the electrical storage device to resemble the low
power applications of OPV for hand-held devices such as cell phones. Each of
the building blocks above is modeled and their respective governing dynamic
equations derived and implemented using Matlab/Simulink. The functional
3

behavior of each block was then compared with descriptions found in the
technical literature for the sake of validity and verifications.
1.5 Thesis Contribution
In this work, a simulated PV model that closely replicates the electrical
characteristics of the Rathnayake et al. OPV cell is proposed. In addition to the
model of the solar cell, a simulation modeling a complete PV system is
developed which can account for differing environmental fluctuations such as
irradiation and temperature values, as well as different PV technology
parameters and different capacity energy storage systems. Due to the quickly
evolving technology, the ability to account for various parameters will prove to be
tremendously beneficial. Furthermore, modifying variables within the model of the
complete system allows a researcher to develop intuition regarding expected
battery charge times, appropriately-sized energy storage devices to pair with the
array, and power converter peaks and settling response times.
This research is fundamental to the expansion of OPV technology. Future
work could include developing an array simulation that can simulate a varying
number of cells with different electrical characteristics. Validating the complete
system model with a physical OPV array and other system components could
also prove to be a worthwhile endeavor. Another key expansion would be to
produce a closed-loop buck-boost converter model that can account for
component losses.

4

1.6 Thesis Content
Chapter 2 presents background knowledge on the photovoltaic effect,
output characteristics of PV devices, proper testing conditions of PV systems,
and a brief overview of current and emerging photovoltaic technologies, including
both crystalline and thin-film materials. Chapter 3 details current OPV
architecture, currently researched OPV technology, the OPV cell developed by
the Rathnayake group, and the simulation of this technology in cell and array
configurations. Chapter 4 presents various power converter topologies to supply
dc loads, their control techniques, derivation of governing equations for the
power converters, and the output of the simulated power converter system.
Chapter 5 details why a lithium-ion battery was chosen for the system load,
lithium-ion battery charging techniques, modeling of the battery, and simulation
output. Chapter 6 discusses complete system integration considerations, the
complete system model, and the simulation results of the overall system model.
Finally, Chapter 7 explains the conclusions of the thesis project and presents
recommendations for future research in this field.
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Chapter 2: Photovoltaic Technology Preliminaries: From Photons to
Electrons
Photovoltaic (PV) technology generates electrical power when it is
exposed to sunlight. Power ranges for these technologies can vary from the
milliwatt to the megawatt range [9], being able to power any electrical load, from
a cell phone to a commercial building. A typical system consists of one or more
solar modules in combination with power electronics conditioning equipment,
energy storage systems, monitoring, protection, and grounding devices.
2.1 Solar Understanding
2.1.1 Introduction
The sun is mankind's most abundant renewable energy source [10]. The
amount of solar radiation that strikes a position on the Earth depends on
geographical location, local landscape, weather, the time of the year, and the
time of the day. Radiation received by a surface will have two components, one
of which is called a direct source. It is dependent on the distance the solar
radiation has to travel through atmosphere. The second radiation component is
called diffuse radiation, and this component comes from solar radiation that
diffuses through clouds and dust in the atmosphere. A depiction of the two
radiation components is shown in Figure 1 [11].

6

Figure 1: Radiation components.

2.1.2 Solar Spectrum
Unlike the broad spectrum outside the atmosphere, the solar radiation
wavelengths that reach the Earth vary from approximately 300 nanometers to
400 nanometers [1]. Because of this, the PV industry, the American Society for
Testing and Materials (ASTM), and the American government research and
development laboratories have defined two spectral distributions for the sun. The
spectrum for outer space is represented by the Air Mass (AM) 0 spectrum. The
AM 1.5G spectrums describe terrestrial solar radiation at a standard direct
normal and a standard total spectral irradiance. The distributions are shown in
Figure 2 [2].
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Figure 2: AM 0 and AM 1.5G spectrums.
2.1.3 Standard Testing Conditions
Consistent test conditions are necessary when comparing the performance
characteristics of different PV units. Measurements are conducted under
standard testing so that consumers and engineers have an understanding of the
performance of photovoltaic technologies. The standard testing conditions (STC)
are the following [3]:
1. The reference vertical irradiation is 1000




.

2. Reference cell temperature is a typical value of 25 °C with a tolerance of
±2 °C.
3. A specified light spectral distribution with an air mass, AM = 1.5. Air mass
provides a relative measure of the path solar radiation must travel through
the atmosphere.

8

In addition to STC, manufacturers may also provide electrical performance
data when a cell or array is under Nominal Operating Cell Temperature (NOCT)
conditions. NOCT conditions require the following characteristics:
1. The reference vertical irradiation is 800




.

2. Ambient temperature is 20 °C.
3. Air is moving at 1




and the mounting is open on the back.

2.2 Photovoltaic Characteristics
Three parameters that are very important in classifying the PV
characteristics of a solar cell are the short circuit current (Isc), the open circuit
voltage (Voc), and the maximum power point (Imp, Vmp). The short circuit current is
the maximum current that can be delivered by the PV cell. The open circuit
voltage is the maximum voltage that can be delivered by the PV cell. The
maximum power point of the current voltage curve (IV curve) is the operating
point at which the PV cell is delivering its maximum power. The values for Imp
and Vmp are typically less than Isc and Voc.
Another important parameter is Fill Factor (FF). The fill factor is a ratio of
the maximum area that the maximum power point of the IV curve can fill in the
square that is defined by Voc and Isc. This concept is illustrated in Figure 3.
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Figure 3: Fill-factor diagram. [4]
The purpose of the FF is to give an indication of the quality of the PV cell’s
semiconductor junction and the recombination losses in the space-charge region

[5]. FF is defined by the following equation:

FF =

Vmp * I mp
VOC * I SC

(1)

The efficiency (η
(η)) of a solar cell is defined as the maximum output of the

cell (Vmp*Imp) to the maximum power received by the cell surface (Psurface). The
efficiency is defined as:

η=

Vmp * I mp
Psurface

(2)

2.3 Photovoltaic Cell Testing Conditions
There are two typical procedures for testing the output of photovoltaic cells.
One procedure is called the variable load method [4]. This procedure measures
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the power of the solar cell as a function of the resistance of the load. The
materials that are necessary for this procedure include the solar cell, an
appropriate light source (held at a constant illumination), two multimeters, and a
potentiometer. Using this method, the current-voltage curve (IV curve) of a solar
cell is measured by the following steps:
1. Measure the open circuit voltage of the illuminated cell. To do this, the
load is separated from the leads connecting to the solar cell. Then, a
multimeter is attached to the leads of the load-less solar cell. The voltage
output that is measured by the multimeter is the open-circuit voltage of the
cell. The current of this measurement should be zero.
2. Measure the short circuit current of the illuminated cell. Using the same
setup as step 1, the multimeter is used to measure the current passing
through the leads. This value is the short circuit current of the illuminated
cell. The voltage of this measurement should be zero.
3. Attach a potentiometer in series with the solar cell and a multimeter set to
current measurement. Then attach a multimeter set to voltage
measurement in parallel to the potentiometer.
4. The potentiometer is then stepped through a range of resistance values.
At each value, the current passing through the potentiometer and the
voltage difference between each side of the potentiometer are measured.
5. The IV curve is then constructed by plotting the measured current vs. the
measured voltage.
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Another typical method of characterizing the IV characteristics of a solar is
to use a machine that possesses measurement ports known as Source
Measurement Units (SMU). A SMU is capable of loading a cell with a known
current and measuring the resulting voltage or providing a known voltage and
measuring the resulting current. To measure the IV characteristics of the solar
cell under illumination, the SMU steps through a series of current limiting levels
and the voltages at these levels is measured. The WKU OPV cell's electrical
characteristics were measured with this method. The IV curve of the WKU OPV
cell is shown in chapter 3. The main limitation of this method is that a SMU has a
low maximum current limit. While this current limit is acceptable for single cell
testing, future OPV-based arrays may produce too much current to be accurately
measured with SMU.
2.4 Current and Emerging Photovoltaic Technologies
2.4.1 Introduction
Currently, inorganic photovoltaic technologies dominate the solar energy
market. The majority of PV cells and arrays are made from crystalline silicon
technology, but inorganic thin film materials are quickly gaining solar market
share and may surpass crystalline silicon-based PV technology [6]. Five popular
inorganic photovoltaic technologies include mono-crystalline silicon, polycrystalline silicon, gallium arsenide (GaAs), cadmium telluride (CdTe), and
copper indium gallium selenide (CIGS).
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2.4.2 Crystalline Materials
2.4.2.1 Mono-Crystalline Silicon
Mono-crystalline silicon has been used for manufacturing solar cells since
Bell labs developed this technology in 1954 [7]. Two reasons for silicon's
success are its material properties and economic timing. Silicon is attractive
because it has good stability and adequate electronic, physical, and chemical
properties. The stability in particular allows this technology to have a lifespan of
approximately 25 years [8]. Economic timing influenced the success of monocrystalline silicon because silicon based technology was already successful in
microelectronics, a massive industry.
2.4.2.2 Poly-Crystalline Silicon
This technology is currently the most dominant PV technology. Polycrystalline silicon cells are less expensive to produce, easier to assemble, less
sensitive to silicon impurities, less wasteful in production, and only slightly less
efficient than single-crystal silicon solar cells. The inexpensive assembly of polycrystalline cells is easier than mono-crystalline wafers and helps offset polycrystalline's lower efficiency. While energy needs may require more polycrystalline PV cells than mono-crystalline PV cells, it would be less expensive to
purchase the larger number of poly-crystalline cells than the mono-crystalline
cells.
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2.4.3 Thin-film Materials
Thin film technologies accounted for 11% of the solar panel market sales
in 2011 [9]. Current forecasts suggest that thin film energy production will
increase 24% annually. This will allow thin film technology to account for 38% of
the solar module production by 2020 [10]. The cost of thin film solar cells are
reduced by replacing the expensive wafers in silicon cells by thin films of
semiconductors, deposited on supporting substrates. Although the active layers
are only a few microns thick, they absorb significant amount of light due to strong
material absorption. The semiconductor used in thin films can also have more
impurities since charges have shorter distance to travel through thin film.
Deposition and processing of thin film materials also uses lower temperatures
compared to silicon. As a result, reduced active material volume, processing
temperature, and higher tolerance of impurities can all lead to a lower cost per
area of thin film solar cells. The net effect is a cost per watt which is competitive
with that of silicon.
Three of the most promising inorganic thin film technologies include
gallium arsenide, cadmium telluride and copper indium gallium selenide.
2.4.3.1 Gallium Arsenide
Gallium arsenide, a III-V bonded compound, has direct energy bandgaps,
high optical absorption coefficients, good minority carrier lifetimes, and good
carrier mobility. Its bandgap energy of 1.424 eV is better than silicon’s bandgap
energy of 1.1 eV. as well as having higher electron mobility than silicon.
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Additionally, this technology is less sensitive to heat than silicon based
technologies, thus making it a better choice for extra-terrestrial applications.
The reasons for silicon’s terrestrial dominance over GaAs include material
cost and availability as well as mechanical stability. Silicon is the second most
abundant element in the Earth’s crust [11] and costs much less to process than
GaAs. Due to higher cost, GaAs solar cell usage has been mainly limited to
space applications. However, one strength of GaAs is its high optical absorption,
but even that comes at a price. Gallium arsenide only requires a few microns of
material to absorb most of the sunlight (compared to silicon, requiring around 100
microns). This makes GaAs more mechanically unstable.
GaAs solar cells devices have been constructed based on both single and
multifunction structures. Multifunction solar cells use multiple layers which are
optimized to efficiently convert different portions of the solar spectrum based on
band gap of the different layers.
Despite not being the best material for commercial terrestrial solar cells,
GaAs technology has been used in tandem with other materials to make the
highest power conversion efficiency solar cell with an efficiency of 43.5% [12].
While its efficiency was not close to the theoretical maximum of 87% for tandem
concentrator cells, it did exceed the theoretical maximum of 34% for single
junction cells.
2.4.3.2 Cadmium Telluride
A promising thin film technology, CdTe is a material that is made of a polycrystalline semiconductor consisting of cadmium and tellurium. This technology
15

currently has the lowest production cost of the thin film technologies and is less
expensive than silicon-based solar panels in several instances. Other strengths
of CdTe include its bandgap energy and optical absorption coefficient. These thin
films have direct bandgap energy of approximately 1.44 eV, which is the near
Loferski’s optimum energy bandgap for photovoltaic devices [13]. Indicated by
its optical absorption coefficient, CdTe easily absorbs photons that have energies
higher than its bandgap energy. Its photon absorption properties allow this
material to absorb most incident photons with a few microns of material, thus
reducing the material costs. [13]
A large drawback to widespread applications of this technology is that
cadmium is toxic. Neither the European Union nor China allows cadmium-based
PV technology to be used by their citizens. The European Union considers
cadmium and cadmium products as toxic carcinogens, and China only produces
cadmium products as export only. In addition to cadmium toxicity, tellurium is a
very rare element. These limitations prevent this technology from replacing a
majority of the world’s energy supplies.
2.4.3.3 Copper Indium Gallium Selenide
Copper indium gallium selenide (CIGS) is a I-III-IV tetrahedrally bonded
semiconductor solar cell. This technology currently has 25% of the thin film
market share [5] as well as the highest lab cell and lab module efficiencies
among the thin film technologies [14] [15].
Another advantage of CIGS includes the ability to be deposited onto a
flexible substrate, thus producing flexible and lightweight solar panels. The two
16

disadvantages of this material are its high production costs, and poisonous
cadmium, though in smaller amounts than CdTe.
2.4.4 Commercial Performance Comparison
The table below compares the short-circuit current density, Jsc (Isc divided
by the area of the solar cell), Voc, η, and FF of the five foregoing inorganic solar
technologies [16] [17] [18] [19] [20]. One can notice that the power conversion
efficiencies (PCE) and FF of thin film materials are on par with crystalline solar
technology. Crystalline technology still dominates thin film in Jsc, but the reverse
is true for Voc.
Efficiency
(%)

Jsc
(mA/cm^2)

Voc
(V)

FF
(%)

Mono-crystalline Silicon [16]

25.0 ± 0.5

42.7

0.706

82.8

Poly-crystalline Silicon [17]

20.4 ± 0.5

38.0

0.664

80.9

Gallium Arsenide [18]

28.8 ± 0.9

29.7

1.122

86.5

Cadmium Telluride [19]

19.6 ± 0.4

28.6

0.857

80.0

Copper Indium Gallium
Selenide [20]

19.6 ± 0.6

34.8

0.713

79.2

Technology Name

Table 1: Performance capabilities of top commercial PV technologies.

17

Chapter 3: Organic Photovoltaic Technology
3.1 Typical OPV Architecture
3.1.1 Single Layer OPV Cell
The simplest organic photovoltaic cell is the single layer OPV. The cell is
made up of three components: an anode (made of materials such as indium tin
oxide (ITO) coated glass), the organic electronic material, and a cathode layer of
aluminum, magnesium, or calcium. They are typically arranged by having the
high work function anode on top, followed by the organic electronic material in
the middle, and the low work function cathode on bottom.

Figure 4: Typical OPV cell architectures.
The typical electrical output of single layer OPV cells shows that they have
low quantum efficiencies (usually less than 1%) and low power conversion
efficiencies (<0.1%). A major problem with this configuration is the electric field
created from the difference between the two conductive electrodes. This electric
field is rarely sufficient to divide the photogenerated excitons. As a result,
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electron-hole recombination occurs before the charged particles can reach their
intended electrode.
3.1.2 Bilayer OPV Cell
The bilayer cell uses the same electrodes as the single layer OPV cell but
utilizes the differences between the two organic materials by taking advantage of
their electron affinities and ionization energies. The layer with higher electron
affinity and ionization potential is the electron acceptor, and the other layer is the
electron donor. These layers generate electrostatic forces at their boundary.
Bilayer OPV materials must be chosen so that the properties of the materials
have unequal band gaps that generate a strong electric field which can divide
excitons more efficiently than in the single layer OPVs.
3.1.3 Bulk Heterojunction OPV Cell
The polymer thickness and the small diffusion length of the excitons need
to be optimized to improve the efficiency of the bilayer OPVs. This can be
achieved by forming a polymer blend of the electron donor and acceptor. The
resulting architecture is called bulk heterojunction. This structure allows for the
polymer blend length to become similar to the exciton diffusion length. This
would allow the excitons generated in either material to reach the interface where
excitons can break efficiently. This heterojunction has an increased efficiency
compared to the bilayer OPVs. The slight disadvantage to this OPV configuration
is electrons or holes may become trapped in “islands” of active layer without
making their way to their designated electrodes. This creates the absence of an
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electron, or the absence of a hole, in the material that needs to be filled by the
next exciton that diffuses in range of this “island.” This slows down the charge
separation leading to lower device efficiencies.
3.2 Currently Researched OPV Technology
3.2.1 Small-molecule based OPV Technology
This technology is constructed of discrete groups at the nano-scale. Due
to material limitations, small-molecule OPV devices typically perform at a lower
efficiency than polymer based OPV devices. The development of small molecule
OPV appears to be expanding due to the ease of controlling the film thickness
during fabrication and the exceptional stability of donor materials such as copper
and zinc phthalocyanine derivatives.
3.2.2 Polymer based OPV
Linear conjugated polymers (LCPs) exhibit very complex self-assembly
behavior in both solution and solid state. This behavior is due to their structural
flexibility, longer chain length, and wide molecular weight distribution.
Unfortunately, these inherent properties contribute to poor material stability,
incomplete charge separation, and unorganized active layer morphology. These
key factors, which will be expounded upon in more detail, limit the
commercialization potential of polymer semiconductors for OPV applications. To
improve the utility of LCP-based devices, synthetic methods need to be
developed to make well-defined three-dimensional structures that have a
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controlled size and shape in conjunction with carefully organized self-assembly
properties. [21]
Poly(3-hexylthiophene), commonly known as P3HT, has been the most
used donor material in polymer-based OPVs, along with either a fullerene
derivative (PCBM) or a perylenediimide derivative (PDIs) as an acceptor [22] [23].
This technology typically receives the highest OPV power conversion efficiency
out of the other technologies.
3.2.3 Nanostructure-based OPV technology
Nanostructure-based OPV technology uses nanostructures to increase
exciton mobility within an active layer. As previously mentioned, limited
morphological control within bulk heterojunction architecture allows electrons and
holes to become ‘trapped’, thus reducing the efficiency of the OPV cell. A
possible remedy is using nanostructures to “bridge” these “islands” to their
appropriate electrodes. These nanoparticles may be aligned by physically
printing the particles into the active layer, using chemical attractions between the
nanoparticles and the material on the perimeter of the active layer, and many
other techniques.
3.3 WKU OPV Cell
Rathnayake et al., of Western Kentucky University, have constructed an
OPV cell utilizing the advantages of nanostructure. Rathnayake’s et al. uses an
active layer composed of P3HT and perylenediimide derivative functionalized
bridged-siloxane nanoparticles (PDIB-NPs) within bulk heterojunction
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architecture. This innovative design should eliminate several trapped exciton
pairs, and produce higher power conversion efficiencies due to less charge
recombination. The two following sections will review the basic structure and
current performance characteristics of this new OPV technology.
3.3.1 Basic Structure
Figure 5 shows the basic structure of the Rathnayake et al. OPV cell.
Starting from the “bottom” of the diagram, Indium Tin Oxide (ITO) is coated upon
a glass surface. The role of the ITO layer is to act as an anode for the solar cell.
Because of ITO’s rigidity and composition of rare earth elements (indium), the
group has also developed OPV panels with other anode materials.

Figure 5: Basic structure of Rathnayake group et al. OPV cell.
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Above the ITO layer is the poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS). PEDOT:PSS acts as a conductive layer
that bridges the work functions of the ITO layer below and the active layer above.
As previously mentioned, the active layer consists of a P3HT electron donor
material, derivatives of PDI as the electron acceptor material, an exciton bridging
nanoparticles. On top of the active layer is calcium that bridges the work
functions of the active layer and the aluminum layer. The aluminum layer acts as
a cathode for the solar cell.
3.3.2 Current Performance Characteristics
The current electrical output of the P3HT-PDIB-NPs solar cell is shown in
Figure 6.

IV Curve of P3HT-PDIB-NPs
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Figure 6: I-V curve of P3HT-PDIB-NPs at 25 °C and 100 °C.
The blue curve represents the OPV cell’s electrical performance at room
temperature (25 °C) and the red curve represents the OPV’s electrical
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performance after an annealing process. The annealing process was performed
at 100 °C for five minutes. The non-annealed sample produced an ISC value of
0.845 mA, a VOC of 0.56 V, and a FF of approximately 25%. The annealed
sample produced an ISC value of 6.75 mA, a VOC of 0.56 V, and a FF of
approximately 30%.
3.4 Solar Cell Model
3.4.1 Equivalent Circuit Model
To develop an electrical equivalent circuit of an ideal solar cell, one must
take into account two factors. First, a solar cell acts as a diode while not
illuminated. Second, while illuminated, a solar cell acts as a current source over a
wide range of its operating conditions. To account for these two factors, an ideal
model shown in Figure 7 has been developed. This ideal model consists of a
current source in parallel with a diode.

Figure 7: Ideal solar cell model.
The equation that mathematically describes the current-voltage (I-V)
characteristics of the ideal model is as follows:
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  qv  
AkT
I = I ph − I s  e c  −1





(3)

In this equation, Iph is current generated by incident light, Is is the reverse
saturation current of the diode, V is the load voltage, q is the electron charge (~
1.6*10-19 C), k is the Boltzmann constant (~ 1.38*10-23 J/K), Tc is the working
temperature of the cell, and A is the diode ideality constant.
Unfortunately, the ideal model does not represent the I-V characteristics of
real-world photovoltaic systems. In fact, real photovoltaic cells show a voltage
drop proportional to the current that can be modeled by an internal series
resistors, RS. It also demonstrates an internal current loss or leakage that can be
modeled by a shunt resistor, RSh. As a result, in this work, we consider the
standard single-diode model as depicted in Figure 8.

A

I
V

Figure 8: Single-diode solar cell model [24].
This model consists of a current source, diode, series resistor, and a parallel or
“shunt” resistor.
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3.4.2 Derivation of Current-Voltage Equation
The governing equations of the single-diode circuit in Figure 8 can be
obtained by using a Kirchhoff’s Current law (KCL) on node A. The KCL results in
the following equation:

 qVA  V
I = I ph − I s  e kTc A −1 − A

 Rsh

(4)

where every variable except VA and I are known. To convert equation 2 into a
solvable equation, the following substitution was performed:

VA = IRS + V

(5)

 q(IRs +V )  ( IR +V )
I = I ph − I S  e kTc A −1 − s
Rsh



(6)

which produces

where Rs and Rsh represent the series and shunt resistors of the circuit,
respectively. The photocurrent is described by:

I ph = (I sc + Ki (Tc − Tref ))L

(7)

where Isc is the cell's short-circuit current at 1 kW/m^2 and 25 °C, Ki is the shortcircuit current temperature coefficient, Tref is the cell's reference temperature, and
L is the solar insolation in kW/m^2. The cell's saturation current is described by
the following:
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T
I s = I rs  c
 Tref


 e

3




 q*Eg 1 − 1  



 Tref Tc  


k*A







(8)

where Irs is the reverse saturation current at 1kW/m^2 and 25 °C, and Eg is the
band-gap energy of the semiconducting material used in the cell. The last
equation needed to model the cell is the equation for the reverse saturation
current, given by the following:

I

I rs =
e

sc
qVoc
kATc

(9)

−1

where Voc is the open circuit voltage of the cell at 1kW/m^2 and 25 °C.
3.4.3 Simulation Result
The single solar cell Matlab/Simulink model and its subsystem are shown
in Figure A 1 and Figure A 2, respectively. The electrical output of a single cell
device under nominal testing condition can be seen in Figure 9. Nominal cell
characteristics include a working temperature of 25 °C, an irradiation of 1 kW/m2,
a large shunt resistance, a small series resistance, and a diode ideality factor of
approximately 1. Altering these five parameters can greatly affect the profile of
the IV curve.
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Figure 9: Solar cell IV curve at nominal conditions.
Manipulating the series resistance within the model produces the following
results:

Figure 10: Varying series resistance for single cell solar model.
The series resistance values were 1, 10, 25, 50, and 75 ohms. One can see that
increasing the series resistance of the model increases the angle of the voltage
source section of the IV curve. This modification, however, does not affect the
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angle of the current source section of the IV curve, but it does decrease the
voltage range at which the cell behaves as a current source.
Changing the shunt resistance produces the following results as shown in
Figure 11.

Figure 11: Varying shunt resistance for single cell solar model.
The shunt resistance values were 100, 200, 400, 600, and 1000 ohms. As the
resistance of the shunt resistor decreases, the current source section of the IV
curve slants more downward, reducing the current value of the maximum power
point. This parameter modification does not greatly influence the angle of the
voltage source section of the IV curve. It should also be noted that the opencircuit voltage is reduced for low values of Rsh.
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Figure 12: Varying diode ideality factor for single cell solar model.
The third parameter that greatly influences the profile of the IV curve is the
diode ideality factor, A. The parameter A is dependent on the specific
characteristics of the PV technology [24]. Figure 12 shows how the shape of
cell’s IV curve is changed when the diode ideality factor varies from 1 to 5 in
increments of one. One can see that A changes both the current source and
voltage source sections of the I-V curve. As A is increased, the I-V curve
becomes more gradually sloped, decreasing the maximum power output of the
cell.
A graph showing how varying the input irradiation of a cell influences its
electrical output is shown below in Figure 13:
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Figure 13: Varying irradiation for single cell solar model.
L values used in the construction of this graph include 0.2, 0.4, 0.6, 0.8, and 1
As the irradiation is decreased, ISC and VOC decrease. ISC decreases
proportionally with the irradiation, but VOC decreases non-linearly with the
irradiation.

Figure 14: Varying temperature for single cell solar model.
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Temperature is another parameter that heavily influences the profile of the
I-V curve. A graph showing various working temperatures between -25 °C to
75 °C (with 25 °C as the nominal temperature) is shown in Figure 14. As the
working temperature increases, the ISC also increases. This is expected because
the photocurrent described by equation 7 is linearly dependent on temperature.
Also, as the working temperature decreases, one can see that VOC increases.
Unlike the other cell parameters, changing the working temperature does not
affect the slopes of either the current source or voltage source segments of the IV curve.
The behavior of the PV model’s electrical output was verified using the
work of Tsai et al. This group also developed a Matlab/Simulink model that
reproduces the electrical output of a PV cell. Within the paper explaining this
group’s work, some of the PV cell properties were not specified, so a perfect
comparison between Tsai group model and the model presented within this
thesis could not be accomplished. However, the “behaviors” of the two models
when changing PV cell inputs are highly similar. Examples of the output of the
Tsai et al. group solar cell model are shown [25]:
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Figure 15: Tsai group et al. varying irradiation.

Figure 16: Tsai group et al. varying temperature.
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3.4.4 Comparison of Simulation with WKU OPV Cell
A graph comparing the experimental data of the OPV cell and the solar
cell simulation model data is shown below:

OPV Cell Experimental vs. Simula on Data
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Figure 17: OPV cell experimental vs. simulation data.
One can notice that there is strong agreement between the two data sets. This
confirms that the model has the ability to accurately depict the current-voltage
output characteristics of the OPV cell.
3.5 Series Array Model
A typical photovoltaic system rarely relies upon one photovoltaic cell as a
power source. It is very common for PV cells to be placed in series or parallel
array configurations to produce increased voltage or increased current,
respectively. Much work has been put into photovoltaic array models that
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assume identical PV cells are used to produce an electrical output. The
described method greatly decreases the complexity of array simulation, but does
not account for partial shading or manufacturing variation between cells within an
array.
To make the photovoltaic array models more robust, the arrays’ governing
current-voltage equations have been derived without the assumption of identical
PV cells within the arrays. The following models have been derived for two cell
series conditions and for two cell parallel conditions.
3.5.1 Derivation of Current Voltage Equations
The series array configuration is shown in Figure 18.

A

I

B
V
C

I

Figure 18: Two-cell series array.
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Because the series resistors (Rs1 and Rs2) in series solar cells have the same
current values, Rs2 can be moved and added with Rs1. This change allows nodes
B and C to combine into one node, named node B. This new model is shown in
Figure 19.

A

I

B
V
I

Figure 19: Simplified two-cell series array.
A KCL analysis was performed on node A, and another KCL analysis was
performed on node B. The following equations were derived:

 q(VA −VB ) 
VA −V VA −V B
−
−
+ I ph1 − I s1  e kTc1A 1 −1 = 0


Rs1 + Rs2
Rsh1



(10)

and

 q(VA −VB ) 
 qVB
 V −V V −V
VB
kTc 2 A2
A
A
B


− I ph 2 + I s2  e
−1 −
−
+ I ph1 − I s1  e kTc1A 1 −1 = 0


Rsh1
Rsh 2

 Rs1 + Rs2
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(11)

Once VA has been solved by a numerical method, the current is solved for using
the following equation:

I=

VA − V
Rs1 + Rs2

(12)

3.5.2 Simulation Results
Figure 20 compares the nominal I-V curves of the single solar cell and the
series configuration. As shown in the figure, the series solar panel design does
not change the short-circuit current or the value of the current of the maximum
power point. It does, however, double the range of the constant current region of
the I-V curve, the location of the open-circuit voltage, and the location of the
voltage of the maximum power point. The combination of the constant current
and increased voltage range leads to a doubled power output for series
configuration versus the single cell configuration.

Figure 20: Single cell vs. two-cell series array under nominal conditions.
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Consider now the effects of non-identical cell parameters on the array
model’s electrical characteristics. Figure 21 through Figure 25 shows the effects
of partial shading and manufacturing variation. One of the cells in the series
configuration is kept at nominal conditions, and the other cell has a single
parameter modified. The parameters that are modified in this section include the
series resistance, irradiation, shunt resistance, working temperature, and diode
ideality factor.

Figure 21: Two-cell series array with non-identical diode ideality factors.
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Figure 22: Two-cell series array with non-identical series resistances.

Figure 23: Two-cell series array with non-identical shunt resistances.
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Figure 24: Two-cell series array with non-identical temperatures.
Modifying the diode ideality factor, RS, RSH, and temperature did not
greatly affect the profile of the current-voltage curve, unlike the irradiation
difference. Figure 25 shows the maximum current and power output of the
system is directly dependent on the cell with the lowest irradiation. If one cell in
the two-cell series system is irradiated with only half of the nominal radiation, the
system will lose half of its current and power output. This shows that while the
series configuration can increase the voltage output a photovoltaic system; the
system’s electrical output is highly sensitive to partial shading. If one cell does
not have irradiation, the entire system output is compromised.
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Figure 25: Two-cell series array with non-identical irradiations

3.6 Parallel Array Model
3.6.1 Derivation of Current Voltage Equations
The parallel array configuration is shown in Figure 26.

I
A

B
V

Figure 26: Two-cell parallel array.
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To derive the equations for the current voltage characteristics of the parallel
array configuration, KCLs was performed at nodes A and B. The following
equations were produced:

 qVA

VA −V VA
−
−
+ I ph1 − I s1  e kTc1A 1 −1 = 0
Rs1
Rsh1



(13)

and

 qVB

VB −V VB
−
−
+ I ph 2 − I s2  e kTc A2 −1 = 0
Rs2
Rsh 2



(14)

Once VA and VB have been solved, the following equation was used to solve for
the output current of the array:

I=

VA − A VB − V
+
Rs1
Rs2

(15)

3.6.2 Simulation Results
Figure 27 compares the nominal I-V curves of the parallel configuration
with that of a single cell. As shown in the figure, the parallel solar panel design
doubles the current output of the single solar cell. It can also be seen that the
positions of the open-circuit voltage and the voltage of the maximum power point
have not changed between the two models. As a result, a parallel array will yield
double the power output of that of a single cell.
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Figure 27: Single cell vs. two-Cell parallel array under nominal conditions.
As previously done with the two-cell series array, the effects of nonidentical cell parameters on the array model’s electrical characteristics will be
considered. Figure 28 through Figure 32 shows the effects of partial shading and
manufacturing variation. One of the cells in the parallel configuration is kept at
nominal conditions, and the other cell has a single parameter modified.

Figure 28: Two-cell parallel array with non-identical diode ideality factors.
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Figure 29: Two-cell parallel array with non-identical series resistances.

Figure 30: Two-cell parallel array with non-identical shunt resistances.
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Figure 31: Two-cell parallel array with non-identical temperatures.
Modifying the diode ideality factor, RS, RSH, and temperature did not
greatly affect the profile of the current-voltage curve. Unlike the series
configuration, the parallel system was not as affected by irradiation changes.
Figure 32 shows current and power output of the system did decrease
proportionally with the lower cell irradiation. The parallel system adds the
electrical outputs of its cells. This allows the parallel system to still give the output
of one cell if irradiation is completely cut off of another cell within its configuration.
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Figure 32: Two-cell parallel array with non-identical irradiations.

46

Chapter 4: Power Convertor Topologies and Control
Power converter selection for OPV depends upon the OPV electrical
characteristics and its cells configuration within the panel, and especially
electrical load type and requirements. The key role of power electronics is to
match the electrical source to an electrical load and for this reason, it may be
required that the panel’s voltage be reduced (buck converter), increased (boost
converter) or, alternatively, reduced and/or increased (buck and boost converter).
Like commercial photovoltaic technology, voltage of a single OPV cell is under
one volt and will usually require a boost converter to operate. A panel of OPV
cells may use an array of converters such as, but not limited to, buck, boost, and
buck-boost converters. Each of these converters may be composed of switches
(usually MOSFETs), diodes, inductors, and capacitors. To use these converters
in continuous conduction mode (CCM), the inductor, capacitor, and switching
frequency values must be carefully chosen.
Pulse Width Modulation (PWM) controls the power converters’ switches.
PWM is a technique that delivers energy through a succession of pulses rather
than a continuously varying analog signal. By decreasing or increasing the pulse
width, the PWM controller regulates the output voltage of a power converter. The
“on” and “off” times of a power converter’s switch determine the output voltage of
a system. The amount of time a switch is turned on (Ton) divided by the switching
period (Ton + Toff) creates a value known as the duty cycle (d).
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d=

TON
TON + TOFF

(16)

4.1 Power Converter Topologies
The three converter topologies examined in this section are all switchmode converters. A switch mode converter operates in two cycles. The first
cycles uses a power source to build up current within an inductor. In the second
cycle, a current path change allows the inductor to transfer its accumulated
energy to the electrical load. Differing topologies using this two-step process
allows for output voltage modification.
4.1.1 Buck Converter
Figure 33 shows a typical buck converter that reduces the input voltage to
match it with that of load requirement. If converter components are assumed to
be ideal (no voltage drop) and the buck converter is functioning in CCM, the
output voltage (Vo) can be linearly controlled by converter’s duty cycle (d) when
the input voltage is Vi:

VO = d *Vi
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(17)

Figure 33: Buck converter topology.
4.1.2 Boost Converter
The role of the boost converter is to amplify the input voltage to the
desired value of load voltage. Again, for ideal components and CCM operation of
boost converter, the output voltage can be determined using:

Vi
VO =
1− d

(18)

where Vi represents the input voltage, Vo represents the output voltage, and d
represents the converter duty cycle.

Figure 34: Boost converter topology.
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4.1.3 Buck-Boost Converter
The buck-boost converter can either reduce or amplify the converter input
voltage, i.e. the panel output voltage. If ideal components are assumed and the
buck converter is functioning in CCM, the converter output voltage (Vo) is
determined by the following the equation when Vi determine the converter input
voltage.

VO =

−d *Vi
1− d

(19)

Figure 35: Buck-boost converter topology.
4.2 Control
The intermittent power output of a PV system and the exponential change
of the load properties of the energy storage device necessitate closed-loop, or
feedback, control. Closed-loop control “feeds back” the system output to makes
decisions on how to change the system input signal. An example of a closed-loop
system can be shown in Figure 36.
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Figure 36: Example closed-loop system. [26]
The feedback controller alone is not able to properly control the power
converter; so proportional-integral (PI) controllers were added to the system. A PI
controller has the ability to increase the low frequency gain of a system, thus

reducing the steady state error of the converter output. Two PI controller
configurations were designed to control the voltage and current output of a buck

power converter.
To create a PI controller, a pole and zero are placed within the system.
The pole is located at the or
origin,
igin, and the zero is placed at a designated point to
the left of the pole. The transfer function (G) of a PI controller is shown in

equation 20:

KP * s + KI
G=
s

(20)

In this equation KP represents the proportional gain, and KI represents the
integral gain.
4.2.1 Current Control
The simplest charging technique for the chosen energy storage device is a
constant current profile. (This subject will be expounded upon in more detail in
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Chapter 5.) To produce this charging profile, a PI controller was designed to
control the current output of a buck converter. This current control system is
shown in Figure A 13.
4.2.2 Voltage Control
A more advanced energy storage charging technique requires a two-step
process of a constant current profile that is followed by a constant voltage profile.
The constant current control was solved in the previous section, but another
controller was designed for a constant voltage profile. The voltage control system
can be shown in Figure A 15.
4.3 Modeling and Simulation Results
4.3.1 Pulse Width Modulation (PWM)
The PWM block used in every power converter simulation in this thesis is
shown in Figure 37. Inputs include a duty cycle value (labeled as D) and a
sawtooth waveform that is labeled as “Repeating Sequence.” The sawtooth curve
is set to oscillate between 0 and 1 with a frequency that is equal to the switching
frequency. Sawtooth values are then subtracted from the duty cycle value, and
the result is rounded using a ceiling function. If the amplitude of the sawtooth is
lower or equal to the duty cycle, the system outputs a value of 0. Once the
sawtooth curve’s amplitude is greater than the duty cycle, the system outputs a
value of 1.
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Figure 37: Pulse width modulation Simulink model.
Examples of the system's output are shown in Figure 38 and Figure 39. In
both of these figures, the switching frequency is 100 kHz. The first figure depicts
various duty cycle outputs of the PWM model. The second figure compares a
PWM output with an input duty cycle of 0.75 with the PWM’s internal sawtooth
curve. This figure visually demonstrates the connection between the sawtooth
curve’s output and the duty cycle.

Figure 38: PWM output of various duty cycles.
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Figure 39: Comparison of sawtooth curve and d = 0.75 output.
4.3.2 Buck Converter
To derive the governing equations of the buck converter, both on and off
positions of the switch must be considered. The governing equations for the

system are the following:
A. Switch in “on” position

diL Vi − VO
=
dt
L

(21)

and

dVO iL − iO
=
dt
C

(22)

B. Switch in “off” position

diL −VO
=
dt
L
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(23)

and

dVO iL − iO
=
dt
C

(24)

In these equations, the capacitor voltage is equal to the output voltage. Once this
substitution has been made, combining the two sets of equations gives the
following final equations:

C

d 2VO VO
Vi
diO
+
−
d
=
−
dt 2
L
L
dt

(25)

and

d 2iL iL
i
L 2 + = d *Vi + O
dt
C
C

(26)

Because the buck converter system has two energy storage components, the
system should demonstrate a second order behavior. The derived governing
equations are second order and satisfy this assumption.
The Simulink model of the open-looped buck converter is shown in Figure
A 9. Examples of the output of this system are shown in Figure 40 and Figure 41.
In this simulation, the switching frequency is 100 kHz, input voltage of 10 volts,
duty cycle is 0.42, inductor inductance is 4.1 microhenries, and capacitor
capacitance is 376 microfarads. Both figures depict the second order underdamped systems that are described by the buck converter’s governing equations.
Figure 40 shows the buck converter’s inductor current values. Figure 41
shows the output voltage of the buck converter. Output voltage shows a peak
voltage of approximately 7.8 volts, and then the system settles to an output
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voltage of 4.2 volts. This output voltage matches the expected output voltage
calculated by equation 17. The results of the buck converter wer
were
e verified using
information supplied by the University of Colorado, Boulder [27].

Figure 40: Open-looped buck converter inductor current.

Figure 41: Open-looped buck converter output voltage.
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4.3.3 Boost Converter
The Simulink model of the open-looped boost converter is shown in Figure
A 11. To derive the governing equations of the boost converter, both on and off
positions of the switch must be considered. The governing equations for the
system are the following:
A. Switch in “on” position

diL Vi
=
dt L

(27)

dVC −iout
=
dt
C

(28)

diL Vi − VO
=
dt
L

(29)

dVC iL − iout
=
dt
C

(30)

and

B. Switch in “off” position

and

Combining the two sets of equations gives the following final equations:

L d 2iL 1− d
1 dVi iO
+
iL =
+
2
1− d dt
C
1− d dt C

(31)

C d 2VO 1− d
Vi
1 diO
+
V
=
−
O
1− d dt 2
L
L 1− d dt

(32)

and
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An example of the output of this system can be seen in Figure 42 and

Figure 43. The input voltage and system component values are the same as
those listed for the previous buck converter simulation, but the duty cycle for this
simulation is 0.5. Both figures show an under damped second-order system, as
given by the governing equations. The final output voltage shown in Figure 43 is
20 volts, and this value matches the predicted value, calculated with equation 18.

Figure 42: Open-looped boost converter inductor current.
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Figure 43: Open-looped boost converter output voltage.
4.3.4 Buck-Boost Converter
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The Simulink model of the open-looped buck-boost converter is shown in

Figure A 13. To derive the governing equations of the buck-boost converter, both
on and off positions of the switch must be considered. The governing equations
for the system are the following:
A. Switch in “on” position

diL Vi
=
dt L

(33)

dVC −iout
=
dt
C

(34)

diL VC
=
dt
L

(35)

and

B. Switch in “off” position
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and

dVC −iL − iout
=
dt
C

(36)

Combining the two sets of equations gives the following final equations:

L d 2iL 1− d
d dVi iO
+
iL =
−
2
1− d dt
C
1− d dt C

(37)

d
1 diO
C d 2VO 1− d
+
VO = − Vi −
2
1− d dt
L
L
1− d dt

(38)

and

The simulated system produced the following output:

Figure 44: Open-looped buck-boost converter inductor current.

61

Figure 45: Open-looped buck-boost converter output voltage.
The inputs and component values for this system are the same as the
boost converter simulation. Figure 44 and Figure 45 show that the output of the

buck-boost converter is an under damped, second-order system. Figure 45
shows the output voltage of the system. As predicted by equation 19, the output
voltage is negative and is the appropriate magnitude.
4.3.5 Voltage Controller
One can choose the voltage output of the system by modifying the Vref
constant box, shown in Figure A 15. The constant placed in the box represents
the desired output voltage in volts for the system. Vref was selected as 4.2 volts

for this simulation. Figure 46 through Figure 48 shows an example output for the
voltage controlled closed-loop buck converter system. In this simulation, the buck
converter was placed under the same load conditions as the open-looped buck

converter from earlier. Figure 46 shows the system’s inductor current. When
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compared to inductor current of the open-looped buck converter, it was found
that the peak inductor current decreased in the closed-loop system, and the
“steady state” inductor currents were approximately even.
Figure 47 depicts the buck converter’s output voltage. The steady state
voltage is shown to be 4.2 volts, which is equal to Vref. The closed-loop system
settling time is approximately half the value of the open-looped system. There
was little output voltage overshoot in this system as well. The smaller overshoot
settling time is caused by the system’s real-time duty cycle modifications, shown
Figure 48. One can see the system changes its duty cycle when the output
voltage is not approaching the preselected steady state value.

Figure 46: Voltage controlled buck converter inductor current.
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Figure 47: Voltage controlled buck converter output voltage.
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Figure 48: Voltage controlled buck converter duty cycle.
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0.0035

4.3.6 Current Controller
To select the current output o
off the system, one should modify the Iref

constant in Figure A 13. Iref represents the desired output current in amps for the
system in Figure 13. Iref was selected to be 0.5 amps for this simulation. The
current controller simulation was performed under si
similar
milar loading conditions as

the voltage controller. Figure 49 shows the current output of the system. The
system takes approximately the same amount of time to settle as the
uncompensated system. The steady state current is equal to the selected value

for Iref.

Figure 49: Current controlled buck converter output current.
4.4 Advanced Converter Topologies
Several other more advanced and, and in some cases, more flexible
converter topologies exist in addition to the foregoing models.. Among them are:
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DC-DC CŪK converters, DC-DC Single-inductor Ended Primary Inductor
Converters (SEPIC converters), and matrix converters. Both CŪK and SEPIC
converters are similar to buck-boost converters expect in having an extra
inductor and a capacitor for CŪK and an extra for SEPIC converters. Here, we
briefly describe only the last one, i.e. matrix converters. While matrix converters
are more flexible than buck, boost, or buck-boost converters, unfortunately, this
topology was not further investigated due to hardware unavailability.
4.4.1 Switch Matrix Converter
Typically, strings consisting of 12 series solar cells are connected to a bypass diode to prevent reverse current, and these strings are then connected in
parallel to produce modules. While reverse current is avoided in this
configuration, the failure of one cell will prevent an entire string from functioning
normally. This produces a significant power drop within the module. The switch
matrix converter, shown in Figure 50, is designed to remedy this problem.
Originally introduced by Nguyen and Lehman [28], the switch matrix converter
consists of a grid of switches that connect between each individual cell within a
module. If a solar cell is becomes damaged, a two-step process occurs. First, the
switch configuration between the cells will isolate the damaged cell. Secondly,
the switches will reconfigure to produce a certain design require, such as
producing the maximum power output for the system.
Currently, there are at least three limitations to the matrix converter
implementation. The first limitation is the switch converter is currently not
economical to implement beyond small module. Secondly, while the model has
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been solved for small-scale modules [29], the approximation solution is unstable
and the control algorithms are not applicable for large-scale implementation.
Lastly, the system cannot account for shading. A shaded solar cell can still be
counted as working according to its IV characteri
characteristics.
stics. As mentioned in chapter 3,
a shaded solar cell can greatly decrease the power output of a system, especially
if the system is in series.

Figure 50: Switch matrix converter.
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Chapter 5: Electrical Storage Device Selection, Modeling, and
Simulation
5.1 Choice of Electrical Load
When choosing a proper electrical load for the OPV powered system,
three major design specifications were considered. First, the electrical load must
have the ability to be powered by two OPV cells in a series array configuration.
Given the OPV cell data shown in Chapter 3, a two-cell series array would be
suited for low voltage (approximately 1-2 volts) and low power (milliwatt)
applications. Secondly, the intermittent behavior of the OPV power supply should
not hinder the electrical load’s operation. This means that a system constantly
requiring available power is not an adequate load for this application. Lastly, the
electrical load should be a common consumer product. If it were not a common
product then physical validation of the simulation, a step that is outside the scope
of this thesis, would be difficult to accomplish.
After reviewing the electrical load requirements, a rechargeable lowvoltage lithium ion battery was chosen. Most low-voltage lithium ion batteries
have low power requirements, and can be charged at currents that are lower
than the batteries’ rated current outputs. The self-discharge rate of a lithium ion
battery is half that of nickel-cadmium batteries and less than one third the rate of
common nickel metal hydride batteries [30]. This low self-discharge capability is
ideal for an intermittent power supply. Furthermore, the batteries are
commercially available.
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5.2 Lithium Ion Charging Techniques
Charging a lithium-ion battery is a voltage-limiting process that is similar to
that of a lead-acid system. The main differences in these techniques include the
higher voltage per cell, the absence of float charge at full charge, and the tighter
voltage tolerance. It is imperative to be very strict with the voltage cut-off of
lithium-ion cells because this technology cannot accept overcharge. Once this
system reaches maximum charge, excess charge produces unnecessary stress
upon the battery. Two techniques are typically used to charge a lithium-ion
battery. The following section will expound upon the intricacies of these
techniques.
5.2.1 One-Stage Charging
One technique for charging a lithium-ion battery is a one-stage constantcurrent charge that applies a current upon the battery until the voltage output of
the battery reaches the maximum “cut-off” voltage. A typical maximum cutoff
voltage is approximately 4.2 volts per cell with a tolerance of +/-50 millivolts per
cell. Continuing to apply a higher voltage could increase the voltage output of
each cell, but the resulting cell oxidation could drastically reduce the service life
of the lithium-ion battery.
The charge rate of lithium-ion batteries during the one-stage charging
scheme is typically between 0.5C and 1C. A charge of 1C means that the battery
is receiving a constant current charge that is equal to the batteries rated output.
An example of a 1C charge would be a battery being charged at 1 A when the
battery is rated for 1 A/hr.
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A battery charged using the one-stage charging technique would not
reach a full charge. The maximum charge using the one-stage technique is
approximately 85% of the batteries maximum charge. Not reaching the maximum
charge allows for less stress to be placed upon the battery because the battery is
not in a saturated state. However, increased number of charging cycles may
lessen the lifespan of the battery. According the current applied to the battery,
this charging process may take slightly over one hour to charge the lithium-ion
battery. The simplicity and prevalence of one-stage charging has been
considered for the electrical load model of this thesis.
5.2.2 Two-Stage Charging
The second technique is a two-stage technique that follows upon the
heels of the constant current process. Once the constant current process
reaches the maximum cutoff voltage, a constant voltage may be applied to the
battery. Current values decline as the battery approaches its fully charged state.
Once the current has reached less than 3% of a battery’s rated current, the
battery is considered fully charged and must be removed from the charging
power source.
The constant voltage stage requires over double the time to complete as
the constant current stage while only charging the battery up to 20% more. Also,
there is a performance tradeoff to using the two stage charging method. While
the battery accepts more charge, the extra charge also stresses the battery
enough to reduce its lifespan [31]. Because of this stress, several manufacturers
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prefer to not use the two-stage charging technique in an attempt to prolong the

life of the product.

Figure 51: Charging profile of lithium-ion battery [31].
5.3 Modeling
The lithium ion charging/discharging model is based on the work of Erdinc,

Vural, and Uzunoglu [32]. The electrical equivalent circuit of the battery is shown
in Figure 52:
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Figure 52: Lithium-ion battery electrical equivalent circuit.
In this model, VOC is a voltage source that represents the open-circuit voltage of
the battery, RSeries is responsible for the instantaneous voltage drop across the
battery terminals, and Rtrans_S, Rtrans_L, Ctrans_S, and Ctrans_L are used to model the
transient behavior of the battery. The voltage difference between the anode and
cathode of this model is called Vbat. The value for Vbat is given by the following
equation:

Vbat = VOC − ibat * Z eq + ∆E(T )

(39)

In this equation, ibat represents the current passing through the battery, Zeq
represents the total system impendence, and ∆

represents the battery’s

potential difference due to temperature. If the battery has a different cutoff
voltage (i.e. not 4.2 volts), a constant can be added to ∆

to modify the

system’s cutoff voltage.
The battery’s open circuit voltage and impedance components can be
solved as functions of the battery’s state of charge. VOC can be calculated by the
following equation:

VOC (SOC) = −1.031* e−35*SOC + 3.685 + 0.2156 * SOC − 0.1178* SOC 2 + 0.321* SOC 3
(40)
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The state of charge (SOC) is an “expression of the present battery capacity as a
percentage of maximum capacity” [33]. SOC can be calculated by the following:

SOC = SOCinitial − ∫ (ibat / Cusable )dt

(41)

where SOCinitial is the initial SOC of the battery before charging/discharging and
Cusable is the useable battery capacity. Cusable is given by the following equation:
40498


Cusable = Cinitial * 1−1.544 *10 7 * e 8.3143*T * t 



(42)

where Cinitial is the initial battery capacity, T is temperature in Kelvin, and t is
battery storage time in months. This equation accounts for a change in usable
battery capacity due to storage losses.
Chen and Mora solved the battery’s impedance values as a function of the
SOC. Their derived equations are the following [34]:

RSeries (SOC) = 0.1562 * e−24.37*SOC + 0.07446

(43)

RTransient _ S (SOC) = 0.3208* e−29.14*SOC + 0.04669

(44)

RTransient _ L (SOC) = 6.603* e−155.2*SOC + 0.04984

(45)

CTransient _ S (SOC) = 752.9 * e−13.51*SOC + 703.9

(46)

CTransient _ L (SOC) = −6056 * e−27.12*SOC + 4475

(47)

5.4 Simulation and Results
The Simulink lithium ion battery model is shown in Figure A 16. The inputs
to this model are temperature, initial battery capacity, initial SOC, storage time in
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months, and the charging/discharging current. A discharging current is entered
as a positive value into the system, and a charging current is entered as a
negative value into the system. Experimental data from Chen et al. was used to
validate our developed model. The following experimental data is of a 850 mAh
lithium-ion battery that is charged with a 80 mA current:

Figure 53: Chen et al experimental data of a 850 mAh battery charged with 80
mA current at 25°C [44].
The following figure is the Simulink model’s output with the same battery
capacity and charging current as the Chen group data:
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Figure 54: Battery voltage output of 850 mAh battery charged with a 80 mA
current.
Comparing Figure 53 and Figure 54, it can be clearly observed that the
experimental data and simulation results are very similar. Some slight variation
may come from two sources. One discrepancy source is that the current charging
the experimental data is a pulse charge and the battery model simulates a
constant current charge. This pulse charging causes the small dips within the
experimental data and also causes the battery charging process to have a small
delay in the beginning. The other discrepancy comes from a lack of
understanding of the experimental battery’s age. As given by equations
previously explained, the storage time of the battery can have a negative impact
on the current capacity of the battery.
The state of the charge of the battery over the charging time is shown in
Figure 55. The SOC is shown to linearly increase as a constant current is
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applied to the battery. The battery’s impedance values with time are shown in
Figure 56. The exponential behavior shown in Figure 56 matches the behavior
predicted by Chen and Mora’s equations given earlier.
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Figure 55: SOC of 850 mAh battery charged with 80 mA current.

Figure 56: Battery impedance of 850 mAh battery during charging process.
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To demonstrate a discharging profile, Figure 57 was created. This profile was not
verified by experimental data, but its output matches the simulation of [32].

Figure 57: Discharging profile of lithium-ion battery.
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Chapter 6: Modeling and Simulation of the Overall System
6.1 Model Integration
Integrating the series OPV array, closed-loop buck converter, and lithium
ion battery models into an overall system requires creation of two linking
structures. The simplest structure was a gain of -1 that connected the closedloop buck converter to the lithium-ion battery model. This section was added to
the system because the current output of the converter is a positive number. The
battery simulation responds to positive current input as a discharging current.
The negative gain allows the battery simulation to understand that the input
current is a charging current.
The second total system linking structure was more involved. This linking
structure was created to give load information to the series OPV array so the
array model outputs proper current and voltage values. If the series array was
connected directly to the battery model, the equation relating the array current
and voltage output would simply be:

Vi = Zload * Ii

(48)

where Vi is the output voltage of the series array, Ii is the current output of the
array, and Zload is the impedance of the battery. This equation does not apply to
the complete system because the buck converter modifies how the series array
“perceives” the electrical load.
To understand this concept, again consider the governing equation for the
output voltage of the buck converter:
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VO = Vi * d

(49)

where Vo is the output voltage of the buck converter, Vi is the input voltage that is
supplied from the series array, and d is the duty cycle of the buck converter. Also,
given the power converter’s connection to the battery, the following equation is
true:

VO = Zload * IO

(50)

where IO is the output current of the buck converter. Because the buck converter
considered in this thesis is ideal, the power input of the buck converter must
equal the converter’s power output:

Vi * Ii = VO * IO

(51)

Substituting equation 49 into equation 51 results in the following:

I i = d * IO

(52)

The equivalent load (Zeq) seen from the power source can be calculated using
information gathered from equations 49, 50, 51, and 52:

VO
V
VO
Z load
Z eq = i = d =
=
Ii IO * d IO * d 2
d2

(53)

Substituting Zeq into equation 48 gives the relationship between the Vi and Ii:

Vi=

I i * Zload
d2
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(54)

This is the equation of the second linking structure and requires real-time
information from the series array, buck converter, and battery models. One may
notice that the equation becomes undefined once the duty cycle equals zero. To
prevent singularities, a saturation block was placed between the buck converter’s
PI controller and the input of the PWM block. This saturation block restricts the
duty cycle’s values from 0.1 to 1 instead of 0 to 1. Once this latter linking
structure is implemented, the total system model is complete.
6.2 Discussion of Simulation Results
The total system model can be seen in Figure A 16. During early testing
of the overall system model, stability issues became apparent. Because of these
issues, simplistic (rounded) input values were used for the array and battery
models. The input values for the system were the following: ISC = 0.1 amps, VOC
= 0.5 V, RS is ideal, RSH is ideal, A is ideal, Eg = 2 eV, irradiation = 1 kW/m2, Iref
= 0.5 A, SOCinitial = 0.05, temperature = 298 K, storage time = 0 months, and
battery capacity = 1 Ah. Figure 58 depicts the buck converter voltage change
during the simulation and Figure 59 shows the duty cycle change during the
simulation. As you can see, the duty cycle output voltage changes to match the
output voltage to its value designated by Iref. Eventually, the system changes to a
state that requires a duty cycle that is below 0.1. The system cannot reduce its
duty cycle below 0.1 because of the saturation block inserted after the PI
controller, so the system uses its lowest allowable duty cycle value.
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Figure 58: Buck converter voltage output.
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Figure 59: Buck converter duty cycle.

Figure 60 depict the charge characteristics of the lithium-ion battery. Each
of these figures shows a response that is similar to the response shown in
chapter 5. One can see that the initial part of the battery voltage curve has some
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oscillation before a SOC of 10%, but the battery voltage that gains stability. After
the SOC reaches 10%. Also, the battery’s impedance, shown in Figure 61,
shows an exponential change in impedance that is predicted by Chen’s
equations in chapter 5.

Figure 60: Battery voltage.
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Figure 61: Load impedance change over time.

State of Charge
1
0.9
0.8
0.7
SOC

0.6
0.5
0.4
0.3
0.2
0.1
0
0

100

200

300

400

500

600

700

Time (Seconds)

Figure 62: Change in the SOC.
6.3 Model Limitations
There are two main limitations to the overall system model. The first
limitation is the constrained duty cycle of 0.1 to 1. While constraining the duty
cycle prevents a singularity in the OPV array output calculation, the range of
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buck converter output current values is greatly reduced. The second limitation is
a stability problem. Two particular stability issues were found when modifying the
ISC and SOC values. ISC values less than 0.1 and SOC values less than 0.05
caused Simulink to warn of singularity issues within the array model. Two
possible explanations for these singularity issues can be considered. The first is
that the step size for the simulation was too large. Currently, the maximum step
size for the total simulation has been set to 10-7. The other explanation may
involve the calculation capabilities of the computer running the simulation. It may
be possible that the computer did not have the processing capabilities to
complete the necessary complex calculations.
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Chapter 7: Conclusions
A generalized OPV power system has been mathematically modeled and
simulated within a Matlab/Simulink environment. The output of the solar cell
model has been verified by the work of Tsai group et al. [25]; the output of the
buck converter was verified by the work of the Colorado Power Electronics
Center [27]; and the lithium-ion battery model was validated by the work Erdinc
et al. [32]. The proposed model takes irradiation, temperature, specific solar
technology parameters, converter component values, and battery state of charge
information as input parameters. Model outputs include the solar panel current
and voltage, the buck converter output voltage, output current, inductor current,
duty cycle, and the lithium-ion battery output voltage, impedance, and state of
charge. Complete system model output is stable except for low SOC (less than
0.1) and low ISC (less than 0.1) values.
This work will serve as a springboard into numerous expansions in solar
cell research. The most immediate opportunity lies in the development of a
variable solar array model. This model will have increased capabilities to
automatically construct the appropriate electrical governing equations for any
modular sized solar array. This powerful tool would greatly accelerate research in
scaling the size of the WKU OPV cell to the module level. This simulation model
would still be able to account for partial shading and manufacturing variation,
thus allowing evaluation of arrays that have the capacity to power moderately
sized electronics.
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In addition to the expansion of the solar array model, there are
opportunities for advancement within power electronics. While this work
produced an accurate power converter model, second order effects, such as
inductor resistance and resistor impedance, may produce small discrepancies
between simulation output and real-world performance. Accounting for second
level loss mechanisms will allow simulation to better replicate power conversion
in a non-ideal setting.
Another way to further develop this work is to make a test bed to validate
the complete system. The system components have been individually validated
by reliable literature, but total system validation will require a physical
implementation of the proposed total model. This will require a setup consisting
of a dSPACE-controlled board that can connect to the OPV solar array, the
installation of buck, boost, or buck-boost components within the power-pole
board, and a commercially available rechargeable lithium-ion battery. Other
equipment needed for this validation includes a solar simulator and a reference
current source to control the output of the power converter.
A collaborative paper is now in production exploring the link between the
chemical properties and electrical properties of the WKU OPV cell. The goal of
this paper is to discover the optimum combination of donor/acceptor blend and
PEDOT:PSS thicknesses. OPV electrical output can be maximized with intuition
gathered from the in-progress publication and the solar cell simulation that was
explored in chapter 3 of this thesis. The anticipated date of this publication is late
2013.
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The tools created in this thesis; coupled with the completion of the abovementioned future tasks, make it possible to design a complete PV system that
uses off-the-shelf components. Once proper simulation, cell optimization, and the
creation of proper fabrication techniques have been accomplished,
commercialization of an OPV powered system becomes more viable.
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APPENDIX

Figure A 1: Single-cell solar model.
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Figure A 2: Single-cell solar model subsystem.
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Figure A 3: Two-cell parallel array solar model.
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Figure A 4: Two-cell parallel array solar model subsystem.
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Figure A 5: Two-cell series array solar model.
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Figure A 6: Two-cell series array solar model subsystem.
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Figure A 7: Buck converter.

Figure A 8: Buck-converter subsystem.
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Figure A 9: Boost converter.

Figure A 10: Boost-converter subsystem.
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Figure A 11: Buck-boost converter.

Figure A 12: Buck-boost converter subsystem.

96

Figure A 13: Current-controlled closed-loop buck converter.
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Figure A 14: Voltage-controlled closed-loop buck converter.
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Figure A 15: Lithium-ion battery Simulink model.
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Figure A 16: Total system Simulink model.
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